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1. EXECUTIVE SUMMARY
The term “sackungen” (from the German verb “to sag”) describes a family of landforms
in mountainous areas that include crestal troughs, antislope scarps, and closed depressions (Fig.
1). Although many authors have concluded that sackungen result from slow mass rock creep
(e.g., Chigira, 1993), the more linear sackungen also resemble tectonic fault scarps. In addition,
sackung- like landforms have formed or have been rejuvenated during historic earthquakes
(Dramis and Sorriso-Valvo, 1983; Wallace, 1984; Cotton et al., 1990; Ponti and Wells, 1991;
Nolan and Weber, 1992). Sackungen may therefore have formed by: 1) displacement on tectonic
faults, 2) gravity failures caused by earthquake shaking, or 3) gravity failures unrelated to
tectonics. Criteria for distinguishing among these three possible origins are geomorphic,
structural, and stratigraphic. Geomorphic criteria are based on qualitative observations of scarp
length, continuity, plan shape, and relation to topography. The ratio of scarp height: length may
be a useful quantitative criterion. Fault scarps of tectonic origin typically exhibit small (<10)
height: length ratios, whereas gravity scarps are commonly much shorter for a given height. In
addition, gravity-related sackungen are typically short, discontinuous, arcuate, and occur in
swarms of multiple parallel scarps, whereas fault scarps are longer, continuous, linear, and
singular.
Structural criteria address the morphology of the shear zone beneath sackungen
landforms and contemporary movement. Subsurface shear zones created by gravity creep are
consistently asymmetrical, with a sharp upper contact and a transitional lower contact (Fig. 2).
Tectonic shear zones are commonly more symmetrical, especially if they formed at deep crustal
levels and are now exposed after considerable erosion. Some very, linear antislope scarps,
originally interpreted as coseismic fault scarps, possess geodetically documented aseismic slip
rates of up to 10 mm/yr (Bovis and Evans, 1995); such contemporary movement strongly
suggests a gravity origin. Gravity shear zones also have predictable locations and orientations
with respect to the present mountain ridge topography, relations that would be fortuitous for
tectonic faults. For example, the toppling test of Goodman and Bray (1976) can indicate whether
preexisting discontinuities ought to be failing under gravity stresses.
Finally, the stratigraphy and deformation of fine-grained Holocene sediments in sackungrelated troughs and depressions can indicate whether the formation of these landforms was slow
and gradual, or episodic. If formation was slow and gradual, then the features cannot be
coseismic. Landforms created episodically could be of either tectonic or gravity origin, because
even landslides may undergo episodic movement in response to climatic forcing, episodic basal
erosion, or episodic loading.

* Reprinted and reformatted from McCalpin, J.P., 1999, Appendix A, p. A-122 to A-142 in Techniques for
identifying faults and determining their origins, U.S. Nuclear Regulatory Commission, NUREG/ CR-5503.
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In summary, determining a gravity- versus tectonic origin for sackung- like landforms
(and their underlying shear zones) is best assessed by the application of multiple geomorphic,
structural, and stratigraphic criteria. Use of these criteria requires geodetic, geomorphologic and
microstratigraphic investigations (such as from trenching) similar to those utilized for the
paleoseismic study of tectonic faults.
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2. INTRODUCTION
Sackungen are antislope scarps, troughs (grabens), and closed depressions on the
crests and flanks of mountain ridges that are the result of both tectonic and nontectonic
processes. The term “sackung” (plural sackungen) is a descriptive landform term derived
from the German word for sagging, and carries with it a connotation that the landform was
created by slow creep. However, in almost all cases such an origin is merely inferred from
morphology rather than demonstrated by geodetic or geologic studie s. Thus, the term
“sackungen” has been applied to a diverse assemblage of landforms, some of which may have
been created suddenly rather than slowly. Throughout this paper I will use “sackungen” only as a
descriptive term to identify landforms such as antislope scarps, ridge-crest troughs, and closed
depressions, acknowledging that they may have formed either slowly or suddenly.
In general, geologists working in regions of moderate to high seismicity (e.g. Italy;
Carpathian and Tatra Mountains (eastern Europe); Caucasus Mountains (southern Russia); New
Zealand; western California) ascribe such scarps to either direct surface rupture or to seismic
shaking (e.g., photographs in Khromovskikh, 1989; see also Zischinsky, 1966; Beck, 1968;
Radbruch-Hall et al., 1976; Mahr, 1977). For example, Salvi and Nardi (1995, p. 107-108)) state
“... strong ground shaking associated with earthquakes is one of the main triggering factors for
the growth of ‘sackung- like’ features”. This contention is partly based on the appearance of offfault, antislope scarps in hilly terrain after moderate-to-large-magnitude earthquakes (e.g.,
Dramis and Sorriso-Valvo, 1983; Morton and Sadler, 1989; Morton et al., 1989; Cotton et al.,
1990; Ponti and Wells, 1991; Nolan and Weber, 1992; Blumetti, 1995), and partly on a spatial
association of sackungen with active fault traces. An example of the former from the USA is the
Stillwater (Nevada) scarp, produced during earthquakes of 1915 and 1954 (Wallace, 1984).
Similar prehistoric scarps occur in the Lost River Range fault zone, Idaho, upslope from the
scarps of the 1983 Borah Peak (M 7.3) rupture (Crone et al., 1987, their Fig. 5). Geologists in
less seismically active areas (Rocky Mountains, USA, and Coast Ranges, Canada) generally
attribute similar scarps to nonseismic processes such as gravity creep and stress relaxation
(crustal unloading) following deglaciation.
Antislope scarps and grabens have been the subject of two multi- investigator studies in
the USA, and both studies resulted in equivocal conclusions concerning origin. In the Cascade
Range of Washington, McCleary et al. (1978) concluded that some (but not all) of the antislope
scarps and troughs probably represented tectonic reactivations of older faults, especially scarps
found in close proximity to pre-Quaternary fault zones. Similar conclusions were adopted by
other workers on this same project [Slemmons et al. (1977, 1978); Woodward-Clyde Consultants
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(1978); Dohrenwend et al. (1978); Fugro Northwest (1979); and Anderson et al. (1980)], that the
more linear scarps near old faults were probably seismogenic, but that most of the shorter, more
sinuous scarps at the lips of steep slopes were of gravitational origin.
A second series of studies in California also resulted in controversy. The extensive
ground cracking caused by the 1989 Loma Prieta, California earthquake was coincident
with antislope scarps, benches, and ridge top grabens at Summit Ridge, Santa Cruz County.
Trenches excavated by Cotton et al. (1990) and Nolan and Weber (1992) across the 1989 ground
cracks clearly showed that most of them had experienced prehistoric dip-slip displacement,
which in turn had created the sackung-like landforms at the ridge crest. However, workers
disagreed about the mechanism that created the ground fissures in 1989, and by analogy, the
underlying prehistoric displacements. ‘The debate over the origin of the 1989... ground ruptures
centers around whether the ridge-top fissures formed primarily as a result of tectonic
deformation produced by the earthquake or whether they mostly reflect gravity-driven processes
triggered by strong ground motions” (Ponti and Wells, 1991, p. 1495). Cotton et al. (1990) argue
that fissures and faults resulted from normal bending- moment slip on bedding plane faults,
caused by coseismic folding adjacent to the San Andreas fault. Because they considered the
landforms to be the result of repeated secondary faulting caused by Loma Prieta-type
earthquakes, they suggested that trenching studies in grabens could reconstruct a proxy
paleoseismic history of the San Andreas fault. In contrast, Ponti and Wells (1991) concluded that
the cumulative extensional and vertical displacements on cracks in 1989 were 35 times larger
than could be explained by a bending- moment fault model. They concluded that approximately
90% of the ground displacement was due to downslope movement (landsliding) caused by
prolonged seismic shaking.
Similar controversies have arisen in Canada, where occasional long, linear antislope
scarps occur in areas with more abundant short, arcuate bedrock scarps. For example, Eisbacher
(1983) identified the prominent linear antislope scarp on Mt. Currie (British Columbia) as a
young fault scarp. In contrast, Evans (1987) and Bovis and Evans (1995) documented that: 1) the
joints beneath the scarp were predicted to fail by the toppling test of Goodman and Bray (1976),
and 2) between 1987 and 1991 up to 80 mm of horizontal displacement and 40 mm of vertical
displacement occurred across the scarp, in the absence of any earthquakes. They thus concluded
the scarp, despite its linearity, was a gravitational failure, The Hell Creek scarp (British
Columbia) has been interpreted as a Holocene tectonic reactivation of an older fault (Psutka,
1995), based mainly on evidence for episodic displacement (observed in trenches) with a lateral
component (inferred from weak geomorphic evidence). In contrast, Clague and Evans (1994)
consider the scarps to reflect nonseismic gravity failure, similar to many other scarps in the area.
The purpose of this paper is to: 1) summarize the identifying characteristics of
sackungen, and 2) to provide criteria that enable the differentiation between sackungen- like
landforms that are tectonic versus nontectonic in origin. This summary paper is based on a
compilation of literature on sackungen and other scarplike landforms throughout the world, and
on a synthesis of field reconnaissance and detailed field studies in western North America with
the worldwide data base.
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3. DESCRIPTION OF SACKUNGEN AND THE SACKUNG PROCESS
3.1 Terminology
Zischinsky (1966, 1969) first proposed the term ‘sackung” for the surface
manifestations of deep-seated rock creep in foliated bedrock of the Alps. In this paper the term
“sackung” refers to the process of deep-seated sagging, whereas ‘sackungen” is used as a generic
term to describe any landforms such as antislope scarps or ridge-crest depressions, regardless of
origin. Other workers have referred to the same slow rock deformation process as mass rock
creep (MRC; Radbruch-Hall, 1978), depth creep (Ter-Stepanian, 1966), deep-seated creep
(Nemcok, 1972), deep-seated continuous creep (Hutchinson, 1988), bedrock flow (Varnes,
1978), or gravitational spreading (Radbruch-Hall et al., 1977; Varnes et al., 1989).
Unfortunately, these processes have usually been inferred to explain landforms whose exact
mode and rate of formation is unknown, and which could be (in part) created by rapid
displacements accompanying surface fault rupture or earthquake shaking.
3.2 Characteristics and Geometry
Sackungen are landforms, so inferences concerning their origin have traditionally
been based purely on geomorphic evidence. This evidence emphasizes that sackungen must have
a deep-seated rock- failure origin because they occur in topographic positions (high on ridge
flanks, at ridge crests) where an erosional origin is extremely unlikely. The most common
geomorphic features can be divided into four categories: downhill- facing scarps, double-crested
ridges, uphill- facing scarps, and erosional notches on ridge axes (Fig. 1). Double-crested ridges
(the “Doppelgrat” of Zischinsky, 1969) are a classic sackung landform. The axial depression
typical of Doppelgrat is difficult to explain by an erosional process, because streams are unlikely
to flow down the crest of a ridge and the closed depressions could not have been excavated by
running water. Uphill- facing scarps and sidehill benches (degraded scarps?) are probably the
most common sackung landform (e.g., Varnes et al., 1989). Along strike, sackungen may grade
from antislope scarps to benches, and grabens may grade into irregular closed depressions;
along-strike changes in height and morphology are common.
An inventory of published sackung scarp dimensions (McCleary et al., 1978, Table 2)
yields these typical ranges: scarp length, 15-300 m; scarp height, 1-9 m; slope height, 400-1200
m; slope gradient, 25-50 degrees. However, Salvi and Nardi (1995) interpret a trough 100 m
deep, 700 m wide, 9 km long in the Apennines (Italy) as an earthquake- induced sackung. Almost
all of these landforms are found at or near the crests of slopes, in the zone of tensional failure. In
contrast, very few distinctive landforms have been observed on the lower slopes, except where
authors have postulated that lower slopes have been “oversteepened” or bulged outward by
compressive forces at the “toe” of a creeping rock mass.
Two opposing hypotheses have been proposed for the subsurface geometry of
sackungen in massive competent rocks. One, held by Zischinsky (1969) and other European and
American workers, proposes that “a well-defined slide plane near the headscarp passes
downward into a broader zone of rock creep. Consequently the lower portion of this type of
failure simply bulges out into the valley” (Morton and Sadler, 1989, P. 302). The slide plane may
dip either into or out of the slope. Such slow, deep-seated failure results in “half- a-landslide”
morphology (Morton and Sadler, 1989), with well-developed tensional features near the head,
but often with no recognizable evidence of medial landslide features or compressional
morphology downslope from the scarp.
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Radbruch-Hall (1978) claims that rock creep can extend to depths of several hundred
meters. However, there are few locations where the depth or shape of the failure plane can be
measured with certainty, making the “half-a- landslide” hypothesis difficult to directly test.
The second hypothesis is that sackungen are shallow surface manifestations of toppling
and flexural slip along discontinuities that dip steeply into a mountain mass, but which do not
penetrate to any great depth (Jahn, 1964, his Fig. 9; Beck, 1968). Bovis (1982) termed this
process “flexural toppling” and cit ed model studies (Barton, 1971) and studies in quarries
(Goodman and Bray, 1976) as support for this non-penetrative mode of extensional deformation.
During flexural toppling outward rotation of blocks and dilation of sackung cracks lead to
attenuation of movement with time, which Bovis (1982) compared to strain- hardening in
granular materials. Given the steep dip inferred in this model, the sackungen could possibly
connect to seismogenic faults at depth, although the vertical separation of the ground surface
along sackung scarps would not necessarily bear any relation to fault movement at depth.
The most detailed study of subsurface deformation features (folds, faults) associated with
mass rock creep is that of Chigira (1992). Chigira was mainly concerned with characterizing the
micro- and meso-scale characteristics of the causative shear zones that underlay sackungen at
depths of 10s to 100s of meters. Chigira (1992, p. 174-175) describes the discrete “fault” zones
that underlie areas of mass rock creep as “a pulverized zone with fault gouge and a phyllitic or
brecciated zone (Fig. 2). In a densely foliated rock (Fig. 2A1, 2A2), the phyllitic zone is formed
by microscopic slip along foliations. In a sparsely foliated rock (Fig. 2B1, 2B2), the brecciated
zone is formed by random crushing. In massive rocks (Fig. 2C1, 2C2), a brecciated zone is
formed through networks of tension fractures, but not if it is formed through connection of shear
fractures. The pulverized zone, which usually forms only in the upper part of the shear zone, is
formed through grinding by a downsliding block on the fault.” He assumed that the features he
described were of gravitational rather than tectonic origin, and did not address the issue of
possible shaking- induced gravitational movement. The details of Chigira’s study are presented in
Sec. 4.2.
3.3 Process
Varnes et al. (1989) distinguish three types of sackung: 1) spreading of rigid rocks
overlying soft rocks (Radbruch-Hall, 1978; Radbruch-Hall Ct al., 1976), 2) sagging and bending
of foliated phyllites, schists, and gneisses (“true Sackung” of Zischinsky, 1969), and 3)
differential displacements in hard but fractured crystalline igneous rocks. Sackungen have been
observed in almost all rock types, including phyllite and schist (Jahn, 1964; Zischinsky, 1969;
Nemcok., 1972; McCleary et al., 1978; Ertec Northwest, 1981; Morton and Sadler, 1989; Clague
and Evans, 1994), slate (Goodman and Bray, 1976), high- grade gneisses and intrusive rocks
(Radbruch-Hall et al., 1976, 1977; West, 1978; Varnes et al., 1989, 1990; Bovis and Evans,
1995), volcanic rocks (Tabor, 1971; Bovis, 1982; Beget, 1985), and massive sedimentary rocks
(Beck, 1968; Radbruch-Hall, 1978).
The stress field that produces sackung may have five possible origins: 1) ice wedging (the
original explanation for European sackung; Zischinsky, 1969), 2) gravity forces that produce
slow deformation to the point of instability of a rock mass, 3) stored forces resulting from prior
loading conditions (e.g., glaciation) tha t produce sporadic deformation as strain is recovered, 4)
seismic shaking that induces lateral spreading and differential settlement of rock masses, and 5)
tectonic displacement connected to deep-seated seismogenic faults (Ertec Northwest, 1981).
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The ice wedging theory has largely been abandoned because it has been observed that
sackung spreading extends to great depths and occurs in temperate climates. Recent modeling of
stresses in long symmetric ridges (Savage et al., 1985; Savage and Swolfs, 1986; Sava ge and
Varnes, 1987; Pan and Amadei, 1994; Pan et al., 1994) provides theoretical support for a
gravitational origin, especially where weak foliated rocks are present. Proponents of a stress
relaxation origin point out that sackungen are common in areas of high relief, especially where
valley walls were “oversteepened” by Pleistocene valley glaciers. Augustinus (1995) suggests
that most glacially “oversteepened” slopes are actually in strength equilibrium (Selby, 1993) and,
while subject to slow strain, will not fail catastrophically. Many authors (Beck, 1968; RadbruchHall, 1978; Bovis, 1982) suggest a causal relationship between the retreat of a valley glacier that
once buttressed a steep slope, and subsequent sagging and bulging of the slope. Tabor (1971)
noted that sackungen are widespread only where ridges rise more than 1000 m above glaciated
valleys. Supporters of an earthquake-shaking origin, working in active seismic areas, have
noted sackungen on lower-relief slopes, and have ascribed the spreading to either general
earthquake shaking and settling (Beck, 1968; Solonenko, 1977; Clague, 1979, 1980; Ponti and
Wells, 1991; Nolan and Weber, 1992), concentration of rock shattering on ridge crests by
topographic amplification (Morton et al., 1989), or to surface fault rupture (e.g. Cotton, 1945;
Cotton et al., 1990; Johnson and Fleming, 1993). The sackungen landforms cited as evidence for
the various theories described above all look remarkably similar, perhaps because they reflect the
geometry of deep-seated failure regardless of how it was initiated.
4. CRITERIA AND METHODS TO DIFFERENTIATE TECTONIC VERSUS
NONTECTONIC DEFORMATION
Possible methods for differentiating gravity-created sackungen and related structures
from tectonic landforms and faults fall into three general categories: geomorphologic, structural,
and stratigraphic. Psutka (1995) compiled the first known list of geologic/geomorphic criteria to
differentiate tectonic from nontectonic scarps in steep terrain. He compared the Hell Creek fault
(which displays an antislope scarp suspected to be a Ouaternary fault scarp) to the more
abundant gravity-related scarps (true sackungen) in southwestern British Columbia (Table 1).
His observations are qualitative, but do provide a starting point for defining criteria that would
separate tectonic and nontectonic sackungen. In the following sections I group criteria into
geologic and stratigraphic criteria (Psutka’s parameters 6 and 7), geomorphologic criteria
(Psutka’s parameters 1-5), and structural criteria (including geodetic measurements).
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Table 1. Parameters Used by Psutka (1995) to Differentiate Tectonic From Nontectonic
Sackungen
SCARP PARAMETER
Hell Creek fault
gravity sackungen
1.Length
kilometer scale
10s to 100s of meters
2.Continuity
continuous
discontinuous
3.Number of scarps
single scarp
multiple clustered scarps
4.Plan shape 1
linear
arcuate
5.Relation to topography
crosses a ridge crest
restricted to one side of,
or adjacent to, ridge crest
6.Displacement history
episodic
lateral side scarps
7.Style of deformation
compressional structures
extensional structures
1 This criterion was also used by the Technical Advisory Group (1991) to differentiate “structurally controlled
ground cracks” from “non-structurally controlled landslide cracks”
California earthquake.

resulting from the 1989 Loma Prieta,

4.1 Geologic and Stratigraphic Criteria
Stratigraphic criteria hold considerable promise of differentiating tectonic versus
nontectonic scarps. In this section I consider both the stratigraphy and small-scale deformation
features in unconsolidated sediments deposited in sackungen sediment traps. To date, little work
has been performed on trenching sackungen and examining the deformed strata in sackungen
troughs. The writer knows of only three trench investigations across sackungen: 1) trenching of
scarps along the Straight Creek Fault, Washington (McCleary Ct al., 1978, 2) trenching of a
scarp at Aspen Highlands Ski Area, Colorado (McCalpin and Irvine, 1995), and 3) multiple
trenches across the Hells Creek fault and subsidiary scarps, British Columbia (Psutka, 1995).
Most of these trenches displayed a moderately steep (45~90 degrees) shear zone across
which the vertical, scarp-producing movement had occurred. The trench by McCleary et al.
(1978, their Fig. 21) shows a subvertical fault plane beneath the lower scarp face. [Natural
exposures of sackung trough fill in the North Cascades, Washington, also show subvertical fault
planes (Beget, 1985)]. The Aspen trench (McCalpin and Irvine, 1995) revealed both a steeplydipping shear zone and abundant evidence of fracture dilation, perhaps the result of toppling. The
Hells Creek trenches displayed a wide variety of deformation styles, with fault dips ranging from
45-85degrees, and fault geometry ranging from planar gouge-covered zones to irregular fault
planes in brittle granitic rocks.
Most trenches expose fine-grained sediments that have accumulated in the sackung
trough, and these ductile sediments are now tilted sharply upwards near the projection of the
fault plane. There is generally little coarse-grained sediment in the trough that may have been.
deposited from the scarp face (i.e., scarp-derived colluvium), such as is often found along normal
fault scarps. The lack of a recognizable colluvial wedge stratigraphy in most sackung trenches
suggests that the mode of scarp formation is slow, continuous slip on the underlying fault plane,
rather than discrete episodes of large displacement followed by quiescence. However, at Hells
Creek the trench that displayed the steepest fault plane also showed a colluvial wedge
stratigraphy and buried soils, indicative of episodic movement.
In order to assess whether sackungen are tectonic or nontectonic, we first have to assess
whether movement on the sackung shear plane has been continuous or episodic. A stratigraphic
record of slow continuous deformation precludes the occurrence of coseismic surface-rupture at
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a site, although continuous movement could result from tectonic creep. In contrast, episodic
movement could be due to normal landslide processes, to gravity failure caused by seismic
shaking, or to direct surface faulting. In the following criteria I address both the episodicity of
displacement and the tectonic setting of the sackungen.
4.1.1 CRITERION: Evidence of Continuous Deformation of Sediments Suggests a
Nonseismic Origin
Given the general absence of scarp-derived sediments in trenches excavated across
sackungen, the deformation history can be reconstructed based on the dips of folded sediments
and soils. Four idealized geometries can be envisioned, which are combinations of continuous
versus episodic deformation, and continuous versus episodic deposition in the trough (Fig. 3).
If deposition in the trough is continuous, then no buried soils or other hiatuses will be present in
the trough fill. Continuous displacement on the sackung shear will then result in progressively
greater folding of strata with increasing depth (Fig. 3a). If displacement has been episodic, then
packages of strata will be folded as units, with the oldest packages the most folded (Fig. 3b).
Individual strata within each package will be folded the same amount, and each package will be
separated from the next by an angular unconformity.
If deposition in the trough is discontinuous, buried soils probably will be present (e.g.,
McCalpin and Irvine, 1995). These soils reflect time periods during which little or no additional
deposition occurred in the trough. If displacement has been continuous, but sediments have been
deposited in pulses separated by long periods of nondeposition, then each stratal package
between soils will be deformed (folded) more or less uniformly (Fig. 3c), with angular
unconformities bounding the packages (as in Fig. 3b). However, in this scenario the angular
unconformities will always coincide with the tops of the soil horizons. If displacement has been
episodic, and not perfectly in-phase with episodic deposition, then unconformity-bounded
packages of strata will also occur, but soils may be found in any stratigraphic position within a
package (Fig. 3d). In other words, if hiatuses in deposition are not contemporaneous with
hiatuses in displacement (as they are where most fault-zone sediments are scarp-derived), buried
soils will not necessarily occur at angular unconformities.
4.1.2 CRITERION: If Deformation Events on a Sackung Are Contemporaneous
With Other Area Paleoseismic Features, They May Be Coseismic
The timing of episodic sackung movements can provide suggestive evidence for tectonic
versus nontectonic origin. This criterion assumes that there are other dated landforms or
deformation features in the area that are clearly known to be coseismic. If sackungen can be
demonstrated to have formed in discrete displacement episodes, and these episodes are
contemporaneous with other independently- recognized and dated paleoseismic features, then a
common origin is suggested. Stronger evidence would be an absence of sackung deformation
episodes that were not contemporaneous with other paleoseismic evidence. For example, a wide
range of sackungen ages might be expected if they were produced by frequent climatic triggers
or progressive stress relaxation, rather than rare large earthquakes. A recognizable age
progression among the sackungen would thus either suggest a nontectonic cause, or require very
frequent earthquakes. For example, Bovis (1982, his Fig. 11) constructed a series of diagrams
showing retrogressive (upslope-younging) sackung movement in British Columbia. McCleary et
at. (1978) and Ertec Northwest (1981) described a similar upslope- younging of sackungen in the
North Cascade Range, whereas Beget (1985) documents scarps that cross-cut each other on the
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same ridge crest. Consistent upslope- younging is unlikely to result from rare instances of
coseismic displacement.
4.1.3 CRITERION: If Sackungen Overlie a Steeply-Dipping Crustal Fault Zone,
Which Has A Net Displacement Much Larger Than Scarp Height, The Possibility Exists That
The Fault is Active
Merely proving contemporaneity between episodes of sackung movement and
paleoearthquakes (previous criterion) does not prove that sackungen are primary tectonic surface
ruptures; the sackungen could be secondary gravitational features formed in response to
coseismic shaking (“seismogravitational” landforms as defined by Solonenko,1977). However,
the dip and amount of displacement on the sackung failure plane (in relation to modern scarp
height) provide further criteria concerning the seismic potential of. the failure plane. First, the
failure planes of classical sackungen (Zischinsky, 1969) and creeping rock masses (Chigira,
1992) tend to flatten with depth, and are often inferred to daylight on the lower slopes of
mountain ridges. Seismogenic faults, in contrast, cannot daylight on lower mountain slopes, but
must maintain steep enough dips in the subsurface to reach seismogenic depths (i.e., several kin).
Second, a seismogenic fault with a long history of coseismic displacements will display a
cumulative displacement greater than the height of today’s sackung scarps. While it is possible
that sackungen may overlie a “new” fault zone that has only experienced the single movement
that created the surface scarps, it is more likely that a seismogenic fault zone would have a
history of displacement resulting in considerable tectonic offset of strata.
A complication to this criterion would occur if gravitational spreading (either continuous
or episodic) occurred along an old, inactive fault or shear zone (such as at Hell Creek). In this
case, the underlying fault would possess a large net displacement relative to present scarp height,
and the scarp atop the fault might be very linear if the underlying old fault zone was linear. If in
addition, trenches across the scarp suggested an episodic history of movement, the temptation
would be strong to conclude (as did Psutka, 1995) that the sackungen represented Holocene
surface rupture. However, the same surface deformation could be created by episodic
gravitational failures (due to climatic events or earthquake shaking) that occupied the upper
(steeply-dipping) part of an old fault zone. The key criterion in this case is whether the Holocene
slip occupied only the upper part of an old fault zone (as would occur in flexural toppling or
mass rock creep) or the entire fault plane down to seismogenic depths. Unfortunately, this
distinction would be very difficult to make.
4.2 Geomorphologic Criteria
Sackung spreading and faulting can produce similar scarp- like landforms. However,
several suggestive criteria can be proposed to differentiate the two groups.
4.2.1 CRITERION: General Geomorphology of Antislope Scarps
Psutka (1995) compared four geomorphic parameters (Table 1, parameters 1-4) between the Hell
Creek fault and the more abundant gravity-related scarps in southwestern British Columbia.
These parameters suggest that gravity-related sackungen are short, discontinuous, arcuate, and
occur in swarms (Fig. 4); tectonic scarps tend to be longer, continuous, singular, and straight
(Fig. 5). However, gravity failures that reoccupied an old plane of crustal weakness would
resemble tectonic scarps. Parameter 5 indicates that a single gravity-related sackungen will be
restricted to a single part of a ridge, and would not indiscriminately cross the ridge crest. These
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observations are qualitative, but do provide a starting point for defining criteria that might
separate tectonic and nontectonic sackungen. A semi-quantitative treatment of parameter 1 is
given below; given sufficient data, all of Psutka’s geomorphic parameters could be subjected to a
similar analysis.
4.2.2 CRITERION: Scarp Height: Length Ratio
On tectonic faults, high (>5 m) fault scarps commonly occur on faults with long (several
km to 10s .of kin) traces. On most sackungen, however, high scarps are typically very short,
often only 10s or 100s of meters (e.g., Fig. 4). In this regard sackungen resemble landslide
headscarps. Many workers (e.g. Bonilla et al., 1984; Wells and Coppersmith, 1994) have
published empirical relationships between coseismic displacement and rupture length (Fig. 6).
On Fig. 6 I have plotted the dimensions of the Hell Creek scarp (average height 2.5 m, length 5.8
kin), the Mount Currie scarp (average height 5-10 m, length 1.6 kin), and a box representing
sackungen such as shown in Fig. 4, with average heights of 5-10 m but lengths of < 1 km. These
three points plot far above and to the left of the 95% confidence interval bounding tectonic
scarps. The typical dimensions of sackungen cited in Sec. 3.2 (height 1-9 m, length 15-300 in)
define height:length ratios that plot off Fig. 6 to the upper left. These disparities suggest that the
scarp height:length ratio might serve as a criterion for tectonic versus nontectonic scarps.
However, the three sackungen scarps plotted on Fig. 6 may have been created by multiple
displacement events, in which case a comparison with single-event tectonic scarps is misleading.
Psutka (1995) interpreted the Hell Creek scarp to be the result of three displacement events. If
we assume that each event resulted in roughly equal displacement (0.83 in), then the single-event
displacement on the Hell Creek scarp plots close to the upper limit of tectonic scarps. There are
no data on the number of displacement events at Mount Currie, but in order for that 5-10 m-high,
1.6 km- long scarp to plot close to tectonic scarps, the Mount Currie scarp would have to have
been created by 16-32 displacements of roughly 0.3 in each. Although such an origin is possible,
it would require very frequent surface faulting in an area that is not highly seismic. In addition, a
repeated history of small-displacement events would be discernable in trench stratigraphy (see
Sec. 4.1).
4.3 Structural Criteria
Structural criteria involve the character of the shear zone that underlies sackungen.
Chigira (1992) proposes several criteria to distinguish deformation resulting from mass rock
creep from tectonic deformation, based on detailed work in Japan in igneous, metamorphic, and
sedimentary rocks.
4.3.1 CRITERION: Symmetry of Fault-Rock Structure in the Shear Zone
Chigira (1992, p. 174-175) describes the discrete shear zone that underlies areas of mass
rock creep as “a pulverized zone with fault gouge and a phyllitic or brecciated zone (Fig. 2).
Although the above description could well apply equally to tectonic faults, the asymmetry of
MRC-related fault-rock stratigraphy and orientation of mass rock creep- related faults may serve
to distinguish them from tectonic faults. Chigira (1992, p. 182) states that “A shear zone of an
MRC fault, in general, has a sharp boundary surface with the downsliding block above it, but has
an ambiguous transitional zone with the brecciated or phyllitic zone to the stationary rock mass
below; in other words, the shear zones grades downward into a non- fractured or weakly fractured
rock”. This asymmetry is related to the stress field associated with the modern topography, and
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should not necessarily be mimicked by tectonic faults formed at crustal depths under various
stress fields. Therefore, symmetrical (in cross-section) fault zones, or asymmetrical fault zones
with the sharp contact on the lower boundary with respect to the modern ground surface, are
more likely to be tectonic. Asymmetrical fault zones with the sharp contact at the upper
boundary could be either: 1) caused by mass rock creep, or 2) a fortuitously-oriented tectonic
fault.
4.3.2 CRITERION: Relation between Slope Morphology and Subsurface
Structures
One of the strongest criteria for distinguishing gravity versus tectonic faults is the spatial
relation between landforms (both small antislope scarps and troughs and the larger elements of
mountain slopes) and the subsurface deformation zones. For tectonic faults, especially inactive
ones, the fault trace may occupy almost any conceivable slope position, since the crustal stress
field that determined the location and orientation of the fault may long predate the~ present
topography. This is especially true for relatively narrow fault zones, where the zone of sheared
rock is insufficiently wide to form a major landform element such as an erosional (strike) valley.
In contrast, the subsurface folds and faults created by mass rock creep must have a fixed spatial
relationship to the topography that generated them. For example, Chigira (1992) describes how
fold and fault zones associated with mass rock creep typically daylight in two locations relative
to the local topography: 1) at (or near) the crest of a ridge, forming tensional features such as
troughs and antislope scarps, and 2) near the toe of the mountain mass, often on oversteepened
slopes. Between these two locations, deformation is localized as folding (in foliated rocks) or as
a dilated zone of fractured rock (in massive rocks) (Fig. 2). The oversteepened slopes are often
the sites of secondary landslides, caused by the locally weakened nature of the rock mass and the
excessive slope. This necessary spatial correspondence among mountain mass shape, fold/fault
geometry, and sackungen- like landforms is consistently observed for mass rock creep-created
features, but would be a coincidental occurrence for a tectonic fault.
4.4 Summary of Criteria
No single criterion enables unambiguous distinction between tectonic and nontectonic
sackungen. At the reconnaissance level, geomorphic criteria may allow identification of large
numbers of short, high, discontinuous, arcuate scarps near slope breaks as gravity failures. For
longer, lower, continuous, linear scarps, on-site investigations are necessary. Such studies should
include geodetic measurements for several years. Required geologic studies include
reconstructing the style of near-surface deformation and the history of continuous or episodic
movement (via trenching), and determining the deeper subsurface geometry of the underlying
shear zone. Evidence for continuous deformation rules out coseismic movement. If failure planes
daylight lower on the slope, the sackungen are probably gravitational, but may be seismically
triggered. Only when the sackungen overlie a fault zone with large displacement and steep dip,
and deformation has been episodic and contemporaneous with other paleoseismic features, can
sackungen be ascribed to primary tectonic faulting.
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Fig. 1. Typical landforms and their subsurface structures formed by mass rock creep. Roman
numerals show the structure types defined by Chigira (1992). Interpretive cross-sections at lo wer
right (Arabic numerals) are derived from: (1) Mahr and Nemcok, 1977; (2) Ando et al., 1970; (3)
Tabor, 1971; (4) Radbruch-Hall, 1978 and Shimuzu et al.,1980; (5) Jahn, 1964.
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Fig. 2. Schematic sketches showing mesoscopic features of fault (shear) zo nes formed by mass
rock creep. Dotted areas show pulverized zones, dashed areas show phyllitic zones. The fault in
Cl is generated from shear fractures, whereas the fault in C2 is generated from random tension
fractures. The fault in C2 has its sliding sur face in the middle of the shear zone, whereas the
other five fault types have sliding surfaces at their upper edges. From Chigira (1992, p. 174).
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Fig. 3. Hypothetical cross-sections through a sediment-filled trough (at left) adjacent to a
sackung scarp (at upper right). In the trough, thin lines indicate bedding, short vertical lines
indicate soils. (a) Continuous creep and continuous deposition yield increasing folding (drag)
with depth; no soils are present. (b) Episodic displacement and continuous deposition yield three
packages of strata bounded by angular unconformities; no soils are present. The angular
unconformities are “event horizons” in the terminology used by paleoseismologists. (c)
Continuous creep and episodic deposition yield three unconformity-bounded packages of strata.
Each package is topped by a soil, the upper parts of which have been eroded nearest the sackung
fault plane. The upper contact of each soil is an event horizon. (d) Episodic displacement and
episodic deposition yield discrete unconformity-bounded packages of strata, but soils may be
found at any position within the stratigraphic sequence. In this scenario, the angular
unconformities are event horizons, but do not coincide with buried soils.
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A.

B.
Fig. 4. The Hell Creek scarp, southwestern British Columbia, Canada. (A) The scarp in right
foreground is 3.5 m high. In the middleground the scarp defines a talus-covered slope facing to
the left, which probably represents a landslide headscarp that has occupied the Hell Creek fault
zone. In the middle distance the scarp appears as a thin light band of unforested terrain
surrounded by forest, and trends toward a saddle in the ridge. (B) Close-up of the Hell Creek
fault (unforested strip in middle distance of part A), with Psutka’s (1995) Trench 1 in
foreground; note person with video camera for scale. Scarp in this reach is 2.5 m high.
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A.

B.
Fig. 5. Scarps of suspected gravity origin in the Bridge River area, southwestern British
Columbia. (A) Arcuate scarp (in shadow) at the crest of “Santa Claus Mountain (elevation ca.
2150 m) at the north edge of the Cayoosh Range, directly south of Shalalth on the south side of
Lake Seton (visible at upper left). The scarp parallels the steep glacially-scoured slope down to
Lake Seton (out of sight to left), which descends 1524 m in 3000 m, or an average gradient of 27
degrees. (B) Arcuate graben at the crest of Nosebag Mountain, between Lake Carpenter and
Lake Seton. Note the arcuate plan shape of the scarp (covered by talus), the erratic changes of
height and morphology along strike, and the great height (up to 10 m) in relation to scarp length
(about 200 m).
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Fig. 6. Plot of average displacement (m) as a function of surface rupture length (km) for historic
fault surface ruptures. Solid line indicates ordinary least-squares regression line, dashed lines
show 90% confidence intervals. Similar data for the Hell Creek scarp, Mount Currie scarp, and
“typical landslides” are plotted at upper left. Surface rupture data from Wells and Coppersmith,
1994, Fig. 13.
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